Background and aims: Tumor necrosis factor receptor type 1 (TNFR1) is associated with kidney disease and mortality risk in various populations. Whether or not kidney function mediates mortality risk is unknown. We evaluated associations of TNFR1 levels with measures of kidney function, cardiovascular events, and mortality in a population of veterans with stable ischemic heart disease. Methods: TNFR1 was measured from baseline serum samples in the Heart and Soul Study; elevated levels were defined by the highest quartile (Q4, >3.4 ng/ml). We evaluated associations of high TNFR1 with baseline estimated glomerular filtration rate (eGFR) and urine albumin to creatinine ratio (ACR) and with longitudinal changes in eGFR (rapid loss), as well as with incident myocardial infarction (MI), heart failure hospitalizations (HF), and mortality over a median follow-up time of 8.9 years. Covariates included demographics and comorbid conditions. Results: Among 985 participants who had TNFR1 measurements, median TNFR1 was 2.33 ng/ml (IQR 1.8 e3.1). Relative to Q1, Q4 had higher risk of eGFR <60 ml/min/1.73 m 2 (RR 11.71 [95% CI 5.46, 25.11 
Introduction
Inflammation is a possible mechanism to explain the association between atherosclerosis and mortality risk. Tumor necrosis factor receptors 1 (TNFR1) and 2 (TNFR2) are cell membrane-bound receptors involved in apoptosis, inflammation, and immune host defense [1] . The soluble TNF receptors are present in the sera of healthy individuals, and elevated levels occur in a variety of pathologic states including sepsis and autoimmune disorders [1] . Circulating TNFR1 levels have been found to be associated with mortality risk and heart failure (HF) among individuals with acute myocardial infarction [2] , while levels are also elevated in individuals at higher risk of developing HF [3] . Tumor necrosis factor alpha (TNFa), the main ligand for TNFR1 and TNFR2, is a proinflammatory cytokine produced by activated monocytes [4] and is responsible for a normal immune response. Shedding of TNFRs is induced by TNFa, as well as by other cytokines including interleukin-6, TFR-beta, and interferon gamma [1] . In type 2 diabetics, concentrations of TNFR1 and TNFR2 are independently associated with kidney function decline and ESRD [5] and are also associated with early glomerular structural lesions on biopsy [6] . Associations of TNFRs and cardiovascular and mortality risk outcomes in individuals with kidney disease are not clearly established. Furthermore, the extent to which the association between TNFR1 and poor cardiovascular outcomes is explained by reduced kidney function is not known.
Previous studies evaluating TNFR1 and cardiovascular outcomes were conducted in patients with predominantly normal kidney function [3] , while studies evaluating kidney outcomes did not evaluate cardiovascular events [7] . This study evaluated circulating tumor necrosis factor receptor type 1 (TNFR1) as a risk factor for prevalent CKD and kidney function decline and risk of myocardial infarction, heart failure, and all-cause mortality in the Heart and Soul study, a population of individuals with stable ischemic heart disease and a range of kidney functions measured at multiple time points, who were followed for cardiovascular events. Due to prior studies showing the strong associations between TNFR1 and kidney function, we hypothesized that associations with cardiovascular outcomes would be mediated by worse kidney function, assessed by estimated glomerular filtration rate (eGFR) and albuminuria (ACR), and that TNFR1 would be associated with more accelerated kidney function loss.
Materials and methods

Study population
The Heart and Soul Study was a prospective cohort study designed to investigate the effects of psychosocial factors on health outcomes in patients with stable ischemic heart disease (IHD) [8] . Participants were eligible if they had a history of myocardial infarction; angiographic evidence of !50% stenosis in !1 coronary vessels; evidence of exercise-induced ischemia by treadmill ECG or stress nuclear perfusion imaging; or a history of coronary revascularization. Participants were excluded if they were unable to walk one block, had an acute coronary syndrome within the previous six months, or were likely to move out of the area within three years.
Heart and Soul Study data collection
1024 subjects were recruited from 12 outpatient clinics in the San Francisco Bay Area between 9/2000 and 12/2002. This cohort included 549 (54%) with a history of myocardial infarction, 237 (23%) with a history of revascularization but not myocardial infarction, and 238 (23%) with a diagnosis of coronary disease documented by their physician, based on a positive angiogram or treadmill test in over 98% of cases. After enrollment, a complete medical history, extensive questionnaires, and an exercise treadmill test with baseline and stress echocardiograms were completed in all participants. Serum samples were obtained after a 12-h fast in the morning, prior to stress test, and frozen at À80 C. Of 1024 participants, 39 were excluded from this analysis because serum was not available to perform the TNFR1 assay, yielding 985 participants. After five years, all surviving participants were invited to return for a repeat examination. More than 80% of surviving participants (N ¼ 627) completed the 5-year follow-up examination (between 9/2005 and 12/2007). Institutional Review Boards at each site approved this study protocol. All participants provided written informed consent.
Measurement of TNF-alpha receptor 1
A multiplexed bead-based immunoassay on microtiter plates was used to measure serum TNFR1 levels. The TNFR1 antibody (Alere, San Diego, CA) was conjugated to modified paramagnetic Luminex beads (Radix Biosolutions) and antigens were biotinylated. Fluorescent signals were generated using Streptavidin-RPhycoerythrin (SA-RPE: Prozyme PJ31S) and read on a Luminex LX200 reader. Each antigen was spiked into a calibration matrix in order to gravimetrically construct an 8-point calibration curve. The antigen concentrations were calculated using a standard curve determined by fitting a five parameter logistic function to the signals obtained for the 8-point calibration curves (Alere, San Diego, CA). Each sample was assayed in duplicate, and the TNFR1 level was calculated as the average of two measurements. The limits of detection for this assay are 0.021e74 ng/mL. In our study, the intraassay and inter-assay coefficients of variation were 12% and 13% at low concentrations (1.3 ng/ml) of TNFR1 and 15% and 16% at high concentrations (30.33 ng/ml) of TNFR1.
Primary outcomes: kidney function
Baseline serum samples were used to measure serum creatinine (measured by the rate Jaffe method (mg/dl)) and cystatin C (measured by a BNII nephelometer (Dade Behring Inc., Deerfield, IL, USA) with a particle-enhanced immunonephelometric assay (N Latex Cystatin C; Dade Behring, Inc.)) [9] . Estimated glomerular filtration rate (eGFR) was determined by the combined creatininecystatin C equation [10] . Baseline reduced eGFR was defined as an eGFR<60 ml/min/1.73 m 2 based on KDIGO definitions [11] .
Urine albumin and creatinine were measured in a 24-h urine collection at baseline and at the 5-year follow-up visit. The method for collection was as follows: participants were given a 3-L collection jug for urine and were asked to save all urine between the end of their intake appointment and the time when a research technician recovered the urine at the participant's home 24 h later. Participants were instructed to keep the urine collections refrigerated at all times. The research technician arrived at the patient's home to retrieve the sample 24 h after the timed collection was initiated, to avoid over-or under-collection. If participants reported missing any urine or if the collections were less than 1 or more than 3 L in volume, then collections were repeated. If participants were unable to collect all urine for any reason or had urinary incontinence, then no data were recorded. A urine albumin to creatinine ratio (ACR) was calculated in mg/g from the 24-h sample. Baseline albuminuria was defined as urine ACR !30 mg/g based on KDIGO definitions [11] .
Rapid kidney function loss was defined as a change in eGFR of greater than 3% per year as in our prior work [12] . Annualized percent change in eGFR was calculated from the difference between baseline and 5-year follow-up eGFR.
Primary outcomes: cardiovascular events
Interval hospitalizations or mortality risks were assessed by annual telephone interviews conducted with each participant or their proxy. Medical records, electrocardiograms, mortality risk certificates, autopsy, and coroner's reports were obtained as supporting documentation of any reported events. Two independent and blinded reviewers adjudicated all events. In the event of disagreement, the adjudicators conferred, reconsidered their classification, and requested consultation from a third blinded adjudicator.
Our cardiovascular outcomes included myocardial infarction, hospital admission for congestive heart failure, and all-cause mortality. Myocardial infarction was defined using standard diagnostic criteria [13] . Heart failure was defined as hospitalization for incident heart failure or exacerbation using detailed duplicate chart reivew [14] . Mortality risks were verified by mortality risk certificates. Methods have been described in greater detail previously [15] .
Statistical analysis
Participants were divided into quartiles of TNFR1 levels. TNFR1 levels were normally distributed in the population studied. Baseline participant characteristics across quartiles were compared using analysis of variance (ANOVA) for continuous variables and c [2] test for dichotomous variables. We evaluated cross-sectional associations with baseline kidney function and with longitudinal rapid kidney function loss using Poisson regression. We compared rates of the outcomes of MI, HF, and mortality between quartile 4 versus quartile 1 using multivariable Poisson regression models. For all regression models, adjustment variables included demographic characteristics (age, sex, race); lifestyle characteristics (smoking, BMI); and comorbid conditions (history of hypertension, diabetes, MI, HF, ACEI/ARB use, beta-blocker use, HDL, triglycerides, hemoglobin A1c, LVEF, METs). Covariates were selected based on evaluation of known confounders of atherosclerosis and kidney disease. In analyses of rapid kidney function loss, we adjusted for the baseline value and additionally adjusted for ACR in the final model. We also performed subgroup analyses by gender, age, and baseline kidney function. In analyses of cardiovascular outcomes and mortality risk, we followed demographic-adjusted models with additional adjustment for eGFR and then adjusted for comorbid conditions. We used Statistical Analysis Software (version 9.2; SAS Institute Inc., Cary, NC) and STATA (version 12.0; Statacorp LP, College Station, TX) for all analyses. We performed sensitivity analyses censoring cardiovascular and mortality outcomes at five years, based on the follow-up time available for kidney function measures.
Results
Participant characteristics
Among 985 individuals with serum measurements of TNFR1 at baseline, mean age was 66.7 (±11) years, 81% were men, 60% were white, 70% had hypertension, and 26% had diabetes. Mean eGFR at baseline was 70.6 (±22.2) ml/min/1.73 m 2 and the prevalence of eGFR < 60 ml/min/1.73 m 2 at baseline was 31%. Individuals in the highest quartile of TNFR1 were more likely to be older, male, and white; to have hypertension, diabetes, and heart failure; to have much lower baseline eGFR and higher baseline ACR; and to have modestly lower HDL levels and higher triglycerides and glycosylated hemoglobin (Table 1) .
Associations of TNFR1 with baseline reduced eGFR and albuminuria
TNFR1 was strongly associated with eGFR <60 ml/min/ 1.73 m 2 at baseline. After adjustment for demographics and comorbid conditions, the highest quartile of TNFR1 had a nearly 12-fold increased odds of eGFR <60 ml/min/1.73 m 2 (Table 2A ). The highest quartile of TNFR1 also had a 3-fold increased odds of baseline urine ACR !30 mg/g, after adjustment for demographics and comorbid conditions (Table 2A) . These associations were attenuated but remained statistically significant after additional adjustment for eGFR (Model 3b).
Associations of TNFR1 with rapid kidney function loss
TNFR1 was strongly associated with a rapid loss of kidney function of >3% per year, after adjustment for demographics and baseline eGFR (Table 2B) . After adjustment for comorbidities, these associations were somewhat attenuated, but remained strong at approximately 2-fold (Model 2). Adjustment for ACR did not substantially affect these associations (Model 3).
Associations of TNFR1 with kidney function outcomes by subgroup
There were no significant differences between TNFR1 and kidney function outcomes by subgroup, with the exception of age. Age less than the median age of 67 years was associated with a significantly larger effect size for eGFR <60 ml/min/1.73 m 2 than age greater than 67 years (p for interaction 0.0004).
Associations with myocardial infarction, heart failure, and allcause mortality
There were 116 MI events in the cohort overall. Fig. 1 shows survival free of all three outcomes (MI, HF, and mortality risk) by quartile of TNFR1. In demographic-adjusted models, the highest quartile of TNFR1 was associated with a nearly 4-fold increased risk of MI (Table 3) . After adjustment for baseline eGFR, this association was attenuated, but remained significant (Model 2). After further adjustment for clinical characteristics, this association was completely attenuated (Model 3). In demographic-adjusted models, the highest quartile of TNFR1 was associated with a greater than 4-fold increased risk of HF (Table 3) . Adjustment by eGFR alone largely attenuated this association (Model 2). Adjustment for clinical characteristics further attenuated this association (Model 3). The highest quartile of TNFR1 was associated with a 2.5-fold increased risk of mortality in models adjusted for demographics and clinical characteristics (Table 3) . Adjustment for eGFR alone attenuated this somewhat association but it retained statistical significance (Model 2), while further adjustment for comorbid conditions attenuated the association almost completely (Model 3). A sensitivity analysis, censoring at 5 years to correspond with the measurements of kidney function, showed similar results (Supplemental Table 1 ). The mortality result was qualitatively stronger and almost reached significance even after adjustment for eGFR.
Discussion
In a cohort of individuals with known ischemic heart disease, we found that higher levels of TNFR1 were associated with increased risk of myocardial infarction, heart failure, and mortality risk in demographic adjusted models, but these relationships were attenuated by adjustment for eGFR and comorbidities associated with cardiovascular disease. TNFR1 had very strong associations with measures of kidney function, including baseline eGFR and ACR. The reason for the heightened risk of these associations among those aged less than 67 years is uncertain. The associations of TNFR1 with rapid kidney function loss may also suggest a mechanism by which TNFR1 is associated with adverse cardiovascular events, as worsening kidney function over time may accelerate onset of MI and HF. This is the first study to our knowledge to examine the relationship between TNFR1 and cardiovascular events and mortality risk in individuals with established ischemic heart disease and a range of kidney function. Our findings extend the strong associations of TNFRs with kidney disease progression described by Niewczas in diabetic patients from the Joslin Clinic, which were independent of baseline eGFR or ACR as well as other markers of inflammation [7] . Our findings differ from those of Valgimigli et al., who found that TNFR1 levels were associated with HF and mortality risk independently of cardiac comorbidities. Their study included a smaller population (N ¼ 184) with a single diagnosis of ST-elevation MI, which may have represented a more homogeneous population than ours. The renal function in this group is not clearly stated [2] . In another study of TNFR1 in a cohort of comparable size, adjustment for eGFR also attenuated the association between TNFR1 and cardiovascular mortality risk [16] , suggesting that eGFR was a major mediator of the association between TNFR1 and cardiovascular mortality risk in that cohort. Our findings are of interest for several reasons. First, TNFR1 appears to be a more robust marker of kidney function than of cardiovascular outcomes. This may be because of a direct mechanism of TNFR1 causing damage to endothelial fenestration in the glomerular basement membrane or expansion of the mesangium [6] , while associations with cardiovascular outcomes are mediated by other pathways less directly affected by TNFR1. The high cardiovascular risk of individuals with CKD is attributed to many pathways including inflammation [17] , and even a modest reduction in kidney function is associated with greater cardiovascular risk [18] . The mechanisms of increased cardiovascular risk in CKD are not fully understood.
Our study has several strengths. The Heart and Soul Study is a unique cohort in which the relationship between TNFR1 and kidney and cardiovascular outcomes is examined. This cohort has robust measurements of TNFR1 and repeated measures of eGFR and ACR in 985 individuals, as well as adjudicated MI, HF, and mortality risk outcomes in all patients. Estimated GFR was measured using both creatinine and cystatin C [10] . Moreover, our samples were all measured in concert, minimizing risks of drift among biomarker samples.
Our study also has several limitations. First, TNFR1 was only measured in baseline serum samples and we do not have measurements of TNFR2, another circulating TNF receptor that binds TNFa. The coefficients of variation of biomarker measurement were slightly higher than in other studies [2] , although the storage conditions were comparable to those of other studies [2, 5, 17] . The optimal storage conditions for TNFR1 are not established, but we would expect that any degradation over time would bias our results toward the null. We did not measure TNFa levels in concert with TNFR1, although previous studies found no associations between TNFa and kidney disease progression [7] and the half-life of TNFRs is longer than that of TNFa, making its measurement more feasible. We did not have power to detect associations with incident CKD or other measures of kidney disease and also had inadequate power to stratify by race. Finally, there were relatively fewer women in this cohort.
In conclusion, elevated TNFR1 may indicate increased risk of rapid kidney function loss in individuals with known atherosclerotic disease. TNFR1 is not associated with increased risk of cardiovascular events or mortality risk independently of renal function. Further examination of the biology of this cytokine in individuals with CKD and heart disease may explain the associations of TNFR1 with mortality risk observed in other populations.
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